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Structural dynamicsAbstract Engineering-oriented modeling and synthesized modeling of the ﬁn-actuator system of a
missile ﬁn are introduced, including mathematical modeling of the ﬁn, motor and multi-stage gear
reducer. The ﬁn-actuator model is veriﬁed using dynamic stiffness testing. Good agreement is
achieved between the test and theoretical results. The parameter-variable analysis indicates that
the inertia of the motor rotor, reduction ratio of the reducer, connection stiffness and damping
between the actuator and ﬁn shaft have signiﬁcant impacts on the dynamic stiffness characteristics.
In ﬂutter analysis, test data are directly used in the frequency domain method and indirectly used in
the time domain method through the updated ﬁn-actuator model. The two methods play different
roles in engineering applications but are of equal importance. The results indicate that dynamic
stiffness and constant stiffness treatments may lead to completely different ﬂutter characteristics.
Attention should be paid to the design of the ﬁn-actuator system of a missile.
 2015 The Authors. Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Flutter is a catastrophic divergence phenomenon that occurs
when aerodynamics and structural elastic vibrations couple
with each other. In missile design processes, the ﬂutter charac-
teristics of missile ﬁns have attracted considerable attention.
For a missile ﬁn with an actuator (a ﬁn-actuator system),
traditional ﬂutter analysis methods treat the actuator as alinear support with constant stiffness. However, experiments
have found that actuators provide dynamic stiffness that varies
with excitation frequency.1,2 The constant-stiffness assumption
may not be appropriate except when the phase angle of the
dynamic stiffness is extremely small.3 For an all-move ﬁn on
a subsonic missile, low aerodynamic pressure results in a large
surplus of actuator capacity. In this case, the constant-stiffness
assumption regarding the actuator easily meets the necessary
engineering precision. For an all-move ﬁn on a supersonic
(or even hypersonic) missile, high rotational modal frequency
and high aerodynamic pressure impair the dynamic perfor-
mance of the actuators, making the ﬂutter characteristics of
the ﬁn-actuator system more complex. Thus, attention must
be paid to the dynamic stiffness of actuators and the effects
of that stiffness on the ﬂutter characteristics of the ﬁn. A visual
depiction that contrasts constant stiffness and dynamic
stiffness is shown in Ref.3
Fig. 2 Schematic diagram of studied ﬁn-actuator system.
Dynamic stiffness testing-based ﬂutter analysis of a ﬁn with an actuator 1401The dynamic stiffness characteristics of actuators have been
studied by several research groups, and the coupling mecha-
nisms among the aerodynamic force, ﬁn structure and actuator
have been explored in several papers. McDonnell Douglas ﬁrst
proposed the dynamic stiffness testing method in the F-4 ﬁghter
project in the early 1970s, and this method was later improved
in the development of the F-15 ﬁghter.2 The stiffness and damp-
ing characteristics of several hydraulic servo actuators were
studied both theoretically and experimentally in the F-15 pro-
ject. In 1996, Yehezkely and Karpel performed a nonlinear ﬂut-
ter analysis of missiles with pneumatic ﬁn actuators.4 Nonlinear
factors of the pneumatic actuators were considered in the ﬂutter
analysis and a ﬂutter suppression method was proposed. In the
same year, Paek and Lee studied the ﬂutter characteristics of a
rocket control surface with dynamic actuator properties.5 In
1997, before the ﬁrst ﬂight of the F-22 ﬁghter, dynamic stiffness
testing of the actuators was also performed.1 Beginning in 2000,
Wu et al. have focused on the design and improvement of test
beds for dynamic stiffness testing and several actuators were
tested.6,7 In 2007, Shin et al. conducted a nonlinear ﬂutter anal-
ysis of an electric servo actuator with a two-stage reducer and
built a fundamental framework to solve the aeroelastic prob-
lems of a ﬁn-actuator system.8 In 2011, the ﬂutter characteris-
tics of a ﬁn-actuator system were reported by Yang et al.
considering both structural nonlinearity and dynamic
stiffness.9 In 2013, Zhang et al. introduced a new ﬂutter
suppression method by redesigning the distribution of the zeros
and poles of the actuator’s control law.3
Although some fundamental research has been reported in
the above-mentioned literature, extensive work is still needed
to perfect the theory and testing frameworks, including gener-
alization to more types of actuators, mathematical modeling of
a more detailed actuator and more applications that combine
both experimental and theoretical analyses. In addition, a
basic and systematic procedure for easy consideration of an
actuator’s dynamic stiffness in engineering applications is also
necessary for the aerospace industry.
This paper presents an engineering-oriented ﬂutter analysis
procedure that can account for the dynamic stiffness of actua-
tors based on test data. Detailed modeling processes and ana-
lytical methods in both frequency and time domains and a
dynamic stiffness testing method are given. A ﬂowchart of
analysis procedures is depicted in Fig. 1.
2. Mathematical modeling
In this study, the ﬁn-actuator system is composed of an all-
move ﬁn and an electromechanical actuator that includes aFig. 1 Flowcharts of athree-stage reducer and a DC motor. Fig. 2 presents the struc-
ture of the ﬁn-actuator system. The reducer is composed of
two gear pairs and a lead screw pair. The ﬁn structure is driven
to rotate by a fork between its shaft and the screw. A damper
lies under the shaft to suppress vibrations in the ﬁn and an
angular displacement sensor gives position feedback.
An engineering-oriented method should be simple and efﬁ-
cient. Within acceptable precision, reasonable assumptions
should be made to simplify the modeling and calculation
process. The ﬁn-actuator system modeling includes electrody-
namic modeling of the motor, kinematic modeling of the
reducer and structural dynamic modeling throughout. The
motor model omits details of the power transform from DC
to AC and directly builds the relation between current and
output torque. The reducer model uses mass-damping-spring
systems to describe the gears, screw and their interactions.
The ﬁn structure model is based on the substructure technique
and ﬁnite element method. Unsteady aerodynamics are
modeled using the supersonic double lattice method (DLM).10,11
2.1. Model of DC motor
A DC motor is mainly composed of a stator, a rotor, windings,
a commutator and a shaft. DC power is converted to three-
phase U/V/W alternating current to produce an alternating
electromagnetic ﬁeld to drive the rotor. An angular displace-
ment sensor returns the shaft angle to the controller for posi-
tion control. The general electrodynamic equations of a
motor follow the equations:
Winding voltage equation:
iRþ L di
dt
¼ ua  Ce _h0  Kii Kah0 ð1Þnalysis procedures.
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Tm ¼ iKm ð2Þ
Rotor dynamics equation:
Jm€h0 ¼ Tm  bm _h0 M0 ð3Þ
where i is the winding current, R the motor resistance, L the
motor inductance, ua the control voltage, Ce the back-EMF
(electromotive force) coefﬁcient, h0 the rotor angle, Ki the con-
trol gain for current feedback, Ka the control gain for angle
feedback, Tm the Lorentz force, Km the torque coefﬁcient, Jm
the rotor inertia, bm the viscous damping coefﬁcient, and M0
the motor output torque.
2.2. Model of reducer
The reducer can be reasonably approximated as a mass-
damping-spring system due to its purely mechanical structures
and connections. The main parameters, such as the mass or
inertia of parts, transmission stiffness (including torsion stiff-
ness of shafts and meshing stiffness between gears), and vis-
cous friction are included. The meshing stiffness between two
gears has a relatively high value.12 So only four transmission
stiffness assumptions are made, see Fig. 3. In Fig.3,
kiði ¼ 1; 2; 3Þ is the transmission stiffness of gear shafts or
screw shaft, k4 the connection stiffness between reducer and
ﬁn shaft, Ji or Jij represent the inertias of gears or screw, hi
or hij the angle of gears or screw, Zij the reduction ratio
between the ith and jth gears, d the ﬁn shaft angle, Jm the rotor
inertial, and Jd is the ﬁn structure inertial. Nonlinear factors,
e.g., freeplay and backlash, will not be considered here because
they always result in complicated phenomena and require indi-
vidual investigations, which are not within the scope of this
study.
The dynamic equations of the reducer can be written as
J1 €h1 ¼ k1ðh0  h1Þ  T1
J22€h22 ¼ k2ðh21  h22Þ  T2
J4 þmðl=2pÞ2
h i
€h4 ¼ k3ðh3  h4Þ  T3
M1 ¼ k4ðh4=Z34  dÞ
8>>><
>>>:
ð4Þ
where T1 ¼ k2ðh21  h22Þ þ J21€h21
h i
=Z12, T2 ¼ k3ðh3  h4Þþ½
J3€h3=Z23, and T3 ¼ k4 h4=Z34  dð Þ=Z34, m is the mass of
nut, l the normal distance between ﬁn shaft and screw, and
M1 the reducer output torque.Fig. 3 Schematic diagram of dynamic model of reducer.2.3. Model of fin structural dynamics
The traditional ﬁnite element method is not capable of solving
dynamic stiffness problems; therefore, the substructure tech-
nique is introduced to ﬁnd a solution. The Gladwell branch
modal synthesis method is applied, which groups the ﬁn struc-
ture modes into two branches: the rotational rigid modal
branch and the elastic modal branch.13,14
The dynamic equation of the ﬁn structure is given by:
M€xþ C _xþ Kx ¼ F ð5Þ
where xT ¼ d q½ , M ¼ Mdd Mqd
Mqd Mqq
 
, C ¼ Cd 0
0 Cq
 
, and
K ¼ KdðxÞ
Kq
 
. qT ¼ q1 q2    qn½  is the displace-
ment vector of elastic modes in generalized coordinates. Mdd,
Mqd and Mqq are the rotational inertia, the coupling mass vec-
tor between the rigid mode and the elastic modes, and the gen-
eralized mass matrix of the elastic modes, respectively. KdðxÞ
denotes the support stiffness provided by an actuator, x the
oscillation frequency, Kq the generalized stiffness matrix asso-
ciated with the elastic modes, and F the generalized force
vector.
The mass matrix M in Eq. (5) is derived from the discrete
mass matrix of the ﬁn orthogonalized by the constructed
modal matrix in Eq. (6).
Umðnþ1Þ ¼ /m1 Umn
  ð6Þ
M ¼ UTmðnþ1Þ M1mUmðnþ1Þ ð7Þ
where M is the mass matrix of the ﬁnite element model in phys-
ical coordinates, /m1 is the rotational modal vector of the
rigid mode and Umn is the modal matrix of the elastic modes
obtained from ﬁnite element analysis when the ﬁn shaft is root-
clamped.
The effect of KdðxÞ is similar to that of a damper plus a
spring; therefore, real modal theory is still applicable.
2.4. Synthesized modeling
Synthesized modeling of the ﬁn-actuator system completes the
connection between the dynamic models of the motor and
reducer as well as that between the reducer and ﬁn structure.
In Eq. (4), the connection stiffness between the motor and
reducer is k1; therefore, the motor model, Eqs. (1)–(3), and
the reducer model, Eq. (4), are linked by
M0 ¼ k1ðh0  h1Þ ð8Þ
The torque between the reducer and ﬁn shaft isM1, which is
transmitted by k4, so the reducer model, Eq. (4), and the ﬁn
model, Eq. (5), are linked by:
FT ¼ M1 þMt 0½  ð9Þ
where Mt is the external torque directly exerted on the rota-
tional axis of the ﬁn.
Eqs. (4)–(5) and Eqs. (8)–(9) can be rewritten in state space
form to establish a synthesized model of the reducer and ﬁn
structure, yielding
_x0 ¼ A0x0 þ B0u0
y0 ¼ C0x0 þD0u0

ð10Þ
Fig. 4 SIMULINK model of ﬁn-actuator system.
Dynamic stiffness testing-based ﬂutter analysis of a ﬁn with an actuator 1403where the state vector, input and output vectors are
xT0 ¼ _h0 _h1 _h3 _h4 _d _q h0 h1 h3 h4 d q
 
, uT0 ¼
M0 Mt½ , and yT0 ¼ d _h0
 
, respectively.
Fig. 4 shows the eventual ﬁn-actuator model established in
SIMILINK. The ‘‘Fin + Reducer” module corresponds to
Eq. (10). The ‘‘MATLAB Fcn” module contains the compiled
nonlinear control law. ‘‘In 1” is an input port for external
torque, and ‘‘Out 1” is an output port for the ﬁn shaft angle.
The dynamic stiffness of the actuator is the relation
between torsion M1 (not Mt) and ﬁn shaft angle d, such that
KdðxÞ ¼ d
M1
ð11ÞFig. 5 SIMULINK model for time domain ﬂutter analysis.3. Flutter analysis
3.1. Unsteady aerodynamics
Unsteady aerodynamic forces in the frequency domain under
the generalized coordinate system are given by
fAero ¼ q1Ax ð12Þ
where fAero ¼ fdfq
 
, A ¼ Add Adq
Aqd Aqq
 
, x ¼ d
q
 
. q1 ¼ qV2=2 is
the dynamic pressure, q the air density, V the ﬂight speed and
A the aerodynamic inﬂuence coefﬁcient matrix, which is a
complex function of reduced frequency k ¼ xb=V. b denotes
a reference chord.
The time domain aerodynamics can be obtained with the
help of Karpel’s minimum-state rational-function
approximations.15,16:
~A ¼ ~A0 þ p~A1 þ p2 ~A2 þ pDðpI RÞ1E ð13Þ
where ~Ai, D, and E are solved by a least-squares ﬁtting.
p ¼ sb=V, s is the Laplace variable and R is a diagonal matrix
with aerodynamic poles.
Then, the time domain unsteady aerodynamic force can be
written as
fAero s ¼ q1 ~A0 þ
b
V
~A1sþ b
2
V2
~A2s
2
 
x
þ q1D sI
V
b
R
 1
Esx ð14Þ
where fAero s ¼ fd s fq s½ T, fq s is the aerodynamic force vec-
tor for the elastic modes, and fd s is the aerodynamic force
for the rigid mode and external torque directly borne by the
actuator.3.2. Time domain method
A detailed mathematical model of the actuator is directly inte-
grated into the time domain ﬂutter frame. The impact of any
parameter of the actuator on the ﬂutter characteristics can
be easily obtained from the time domain analysis, which can
beneﬁt the design scheme.Rewrite the input and output vectors
of Eq. (10) as uT1 ¼ M0 fAero s½  and yT1 ¼ x _x €x _h0
 
,
respectively. The new representation of the ﬁn-actuator model
will be
_x1 ¼ A1x1 þ B1u1
y1 ¼ C1x1 þD1u1

ð15Þ
where xT ¼ d q½  is the same as what is deﬁned in Eq. (5).
The coupled model of unsteady aerodynamic force and the
ﬁn-actuator system is depicted in Fig. 5. The motor circuit and
control law are packed into the ‘‘Motor” module. The stability
of the coupled system can be judged by the response of the ﬁn
shaft angle.
3.3. Frequency domain method
Test data for the actuator can be directly used in the frequency
domain method. Replacing the force vector in Eq. (5) with the
aerodynamic force in Eq. (12) yields
ðx2Mþ KÞx ¼ q1Ax ð16Þ
Due to the dynamic stiffness, K is no longer a constant
matrix. Therefore, the ﬂutter equation of the V–g method17
can be expressed as
x2Mþ ð1þ igÞKðxÞ x ¼ q1Ax ð17Þ
where ig is the added artiﬁcial complex structural damping.
Let the eigenvalue of Eq. (17) be k ¼ x2=ð1þ igÞ. Substitut-
ing k and k ¼ xb=V into Eq. (17) yields
1404 R. Zhang et al.KðxÞx ¼ k Mþ qb
2
2k2
 
Ax ð18Þ
In Eq. (18), both KðxÞ and k are dependent on oscillation
frequency x; thus, the eigenvalue problem requires an iterative
solution (see Fig. 6).Fig. 6 Procedure of ﬂutter analysis in frequency domain.
Fig. 7 Experimental setup o4. Dynamic stiffness testing
Dynamic stiffness testing aims to obtain the frequency
response function (FRF) from force input to displacement out-
put. Generally, a time-varying torque is applied to the actuator
shaft, and both the torque and angle of the shaft are collected
for FRF estimation.18 Here, another test method will be
introduced.
Fig. 7 shows the experimental setup and sensors’ distribu-
tion in dynamic stiffness testing. The ﬁn structure (solid-
black) and nodal lines (dash dot-black) of its ﬁrst two modes
are plotted in Fig. 7(a). Accelerometers are distributed
throughout the ﬁn to obtain modal shapes. The load cell is sit-
uated far away from the ﬁn shaft but near the nodal line of the
bending mode to produce a sufﬁcient amount of energy to
excite the 2nd mode preferentially.
A shaker is used to produce the excitation force. A load cell
and accelerometers sense the force and vibration information
in real time.
The advantage of the introduced setup is that we do not
need an extra platform as mentioned in Ref.1,6,7 to test the
actuator but can extract what we want in a regular modal test.
The trapezoid shape of the ﬁn will result in an oblique
nodal line for the 2nd mode, which may lead to a small error
(typically within the required precision) if we directly use the
force and acceleration data to do the FRF estimation. If this
error is not acceptable, a decoupling job should be performed
to revise the result. If available, a rectangular symmetric plate
(dash-red) is recommended to perform such a test.
A brief introduction will be given here about how to extract
the dynamic stiffness from the force and acceleration data. Sup-
pose F is the excitation force, z is the displacement of the
accelerometer, and xf and xa are the normal distances from load
cell to ﬁn shaft and accelerometer to ﬁn shaft, respectively. Then,
the acceleration ﬂexibility at the excitation point is:
HðxÞ ¼ €z=F ð19Þ
Thus, the dynamic stiffness of the ﬁn-actuator system can
be expressed as:
F
z
¼ x2 F
z
¼  x
2
HðxÞ ð20Þf dynamic stiffness testing.
Dynamic stiffness testing-based ﬂutter analysis of a ﬁn with an actuator 1405Removing the inertia effect of the ﬁn, the dynamic stiffness
of the actuator will be:
KdðxÞ ¼ xfxa F
z
þ Jx2 ¼ x
2xfxa
HðxÞ þ Jx
2 ð21Þ
where J is the rotational inertia of the ﬁn.5. Results and discussion
The test data and simulation results will be shown in this sec-
tion. To provide guidance for the follow-up mathematical
model update, parameter-variable analysis is performed to
assess the impact of each parameter on the dynamic stiffness
characteristics of the ﬁn-actuator system. The parameters of
the actuator and ﬁn structure are listed in Table 1.
The initial stiffness values of the gear shafts and ﬁn shaft
are calculated based on material mechanics. The nominal value
of each parameter is multiplied by factors of 0.5 and 2 for com-
parison. For instance, Fig. 8 shows the impact of rotor inertiaTable 1 Summary of parameter-variable analysis results.
Category Parameter Value Unit
Motor Resistance 0.64 X
Inductance 7.6  105 mH
EMF coeﬃcient 0.04 V/(rad/s)
Friction coeﬃcient 5.0  105
Rotor inertia 2.6  106 kgm2
Moment coeﬃcient 0.021 Nm/A
Reducer Reduction ratio 220
Screw inertia 1.3  106 kgm2
Gear inertia J1: 0.05  106 kgm2
J21: 0.20  106 kgm2
J22: 0.03  106 kgm2
J3: 0.91  106 kgm2
J4: 1.28  106 kgm2
Transmission stiﬀness
Connection stiﬀness 8.0  102 Nm/rad
Connection friction 0.1
Notes: ‘‘"” indicates a positive correlation, and ‘‘;” a negative correlatio
The bold terms show that parameters (rotor inertia, reduction ratio, conn
system dynamics.
Fig. 8 Impact of rotor inertia variation on dynamic stiffness of
actuator.variation on the dynamic stiffness. In Table 1, the impact level
of each parameter on the dynamic stiffness is summarized.
The motor rotor inertia, reducer reduction ratio, connec-
tion stiffness and the connection damping between actuator
and ﬁn shaft are the key parameters that affect the dynamic
stiffness characteristics.
Fig. 9 shows the normal modal shapes of the ﬁrst two
modes of the ﬁn-actuator system from the dynamic stiffness
testing. Due to the complex stiffness, the values of the multi-
variate mode indicator function19 hardly reach above 0.9,
particularly in the 1st mode.
The mathematical model is updated based on the test data. A
particle swarm optimization algorithm20 is used to search for the
best ﬁt. Referring to the conclusions in Table 1, the motor resis-
tance, back-EMF coefﬁcient, rotor inertia, torque coefﬁcient,
reduction ratio, connection stiffness and damping are all sensitive
parameters. However, except for the latter two, the others are
already deﬁned. Although the effect of the transmission stiffness
between gears is negligible, it is still set as a variable together with
the connection stiffness and damping in the optimization iterations.Impact level Amplitude correlation Phase correlation
Small ; —
Smaller — —
Small " —
Smaller — —
Large ; "
Small " —
Large ; "
Smaller — —
Smaller — —
Smaller — —
Smaller — —
Smaller — —
Smaller — —
Smaller — —
Larger " —
Larger " "
n, ‘‘—” means there is no clear correlation.
ection stiffness, and connection friction) have important inﬂuence on
Fig. 9 Normal modal shapes of ﬁn from LMS software.
1406 R. Zhang et al.The results from the dynamic stiffness testing and the
updated mathematical model are compared in Fig. 10. Good
agreement is achieved. The frequencies of the 1st and 2nd
modes are 50 Hz and 74 Hz, respectively.
A smoothing and uncoupling process is applied to the test
data to obtain a smooth dynamic stiffness curve for the fre-
quency domain ﬂutter analysis (see Fig. 11), which presents
the ratio of the ﬁn shaft angle output to the torque input.Fig. 10 Comparison of FRFs from experiment and updated
mathematical model.
Fig. 11 Dynamic stiffness curve derived from smoothed test data.
Fig. 12 Flutter resultsThe unsteady aerodynamic forces are calculated using
supersonic double lattice method (DLM) with reference Mach
number 2.0 and air density of 1.225 kg/m3.
The frequency domain ﬂutter results are shown in Fig. 12.
A comparison is made between the results with constant stiff-
ness and dynamic stiffness. The constant stiffness is an equiv-
alent value inversely calculated from the modal frequency.
For each reduced frequency k, the number of iterations
along the dynamic stiffness curve in Fig. 11 is found to be
no greater than 5, which demonstrates rapid convergence.
The ﬂutter results in the time domain are shown in Fig. 13.
The responses of the ﬁn shaft angle at four ﬂow velocities are
compared. An initial perturbation, 0.01 Nm torque, is applied
to the system at 0.1 s. Oscillations are observed with ﬂow
velocities varying from 580 m/s to 585 m/s, continuing to
590 m/s, and ﬂuttering occurs at 595 m/s.
The ﬂutter results in both time and frequency domains are sum-
marized in Table 2. In the frequency domain, the ﬂutter velocity
with constant stiffness is considerably different from that with
dynamic stiffness. Moreover, their unstable modes are also differ-
ent. The ﬂutter velocity and frequency in the frequency domain
are slightly lower than those in the time domain. There are two pos-
sible reasons for this behavior: The direct use of the test data in thein frequency domain.
Fig. 13 Flutter results in time domain.
Table 2 Flutter results from frequency domain and time
domain solutions.
Method Flutter velocity
(m/s)
Flutter frequency
(m/s)
Frequency
domain
ES 717 60.5
DS 576 53.6
Time domain DS 590 54.0
Dynamic stiffness testing-based ﬂutter analysis of a ﬁn with an actuator 1407frequency domain considers more details of the actuator than the
mathematical model used in the time domain, and the aerodynamic
approximation from the frequency domain to the time domain may
lose information. However, in general, the results for the time
domain and frequency domain are highly consistent.
6. Conclusions
(1) An engineering-oriented modeling procedure and a ﬂut-
ter analysis method for a ﬁn-actuator system are studied
in both the frequency domain and the time domain in
this paper. Models of the motor, reducer, ﬁn structure
and their synthesized model are constructed. Dynamic
stiffness testing is conducted to update the mathematical
model in the time domain and to provide data for the
ﬂutter analysis in frequency domain.
(2) The control loop and dynamics of the actuator’s inner
parts form the complex stiffness, which may lead to more
dangerous ﬂutter instability. The parameter-variable
analysis indicates that the inertia of the motor rotor,
reduction ratio of the reducer, connection stiffness and
damping between the actuator and ﬁn shaft have signif-
icant impacts on the dynamic stiffness characteristics.
(3) The frequency domain ﬂutter method, i.e., the iterative
V–g algorithm, converges rapidly and achieves results
that are consistent with the time domain method. The
dynamic stiffness changes the ﬂutter characteristics of
the ﬁn structure considerably, showing a more danger-
ous situation than the constant stiffness equivalence.
(4) In engineering applications, the ﬂutter method in the fre-
quency domain should be given priority because it is
simple, fast, requires fewer input conditions, and, most
importantly, can directly use the test data. However, if
an actuator needs improvements, the time domain
method is preferred because it can show how each
parameter affects the behavior.
Above all, attention should be paid to the dynamic stiffness
characteristics of an actuator. The studies in this paper are
only a preliminary exploration. In follow-up work, we will
delve further into this subject. Wind tunnel ﬂutter testing of
a ﬁn-actuator system is under way.
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